Galectin-4 is a multifunctional lectin found at both intracellular and extracellular sites. It could serve as a tumor suppressor intracellularly and promote tumor metastases extracellularly during colorectal cancer development. However, galectin-4 expression and its prognostic value for patients with hepatocellular carcinoma (HCC) have not been well investigated. Here we report that galectin-4 was significantly downregulated in early recurrent ⁄ metastatic HCC patients, when compared to non-recurrent ⁄ metastatic HCC patients. Low expression of gelectin-4 was well associated with larger tumor size, microvascular invasion, malignant differentiation, more advanced TNM stage, and poor prognosis. Cancer cell migration and invasion could be significantly reduced through overexpression of galectin-4, but upregulated by knocking down of galectin-4 in vitro. Moreover, the serum galectin-4 level could be significantly elevated solely by hepatitis B virus infection. Combined with clinicopathological features, the higher serologic level of galectin-4 was well associated with more aggressive characteristics of HCC. Taken together, galectin-4 expression closely associates with HCC progression and might have potential use as a prognostic biomarker for HCC patients.
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H epatocellular carcinoma is one of the leading causes of cancer-related deaths worldwide, and approximately 80% of HCC patients are in Asia. (1) Although surgical resection has been proven to be an effective approach for the treatment of HCC, approximately 50-70% of HCC patients suffer from early recurrence ⁄ metastasis within 12 months in the residual liver after curative resection (2) (3) (4) ; the median survival time after recurrence ⁄ metastasis is only 13 months. (5) Thus, early recurrence ⁄ metastasis is the key blocking factor of the curative efficiency of hepatectomy and long-term survival. However, there is still a lack of effective prognostic biomarkers for predicting early recurrence ⁄ metastasis of HCC with high sensitivity and specificity.
Galectins, localized both intracellularly and extracellularly, constitute a family of 15 multifunctional galactoside-binding lectins. (6) It has been reported that galectins are widely expressed in various types of human cells and participate in a wide range of cellular functions including inflammatory responses, intracellular signaling, cell adhesion, tumor metastasis, and differentiation. (7) Several published reports have described galectins as being aberrantly expressed in various cancers, and well correlated with cancer invasion and metastasis. (8) (9) (10) (11) Galectin-4, a 36-kD divalent lectin, is predominantly expressed in epithelial cells from the tongue to the large intestine, but is rarely expressed in other tissues. (12) It has been reported that the aberrant expression of galectin-4 was found in several cancers. Galectin-4 was downregulated at the tissue level in colon cancer and was absent in invasive carcinomas, but its serum level was significantly higher in patients with colon and breast cancer, in particular, those with metastasis. (13, 14) In contrast, it has been reported to be significantly upregulated in the pancreatic adenocarcinomas, hepatocellular carcinoma, and gastric cancer. (15) Belo et al. (16) have shown that galectin-4 was upregulated at the cell surface in early-stage pancreatic cancer acting as an "adhesin," then downregulated in later stages of tumor progression, facilitating tumor escape by loss of cell-cell interaction, and enhancing migratory properties.
Although a few published works have reported that galectin-4 mRNA was significantly upregulated in HCC patients, (17) the clinical relevance of galectin-4 expression, especially its significance in recurrence ⁄ metastasis of HCC, remains unknown. In this study, we evaluated galectin-4 expression levels in HCC patients, and systematically analyzed the function of galectin-4 in cancer cell migration and invasion in vitro, as well as the clinicopathological correlations of galectin-4 expression in HCC patients.
Materials and Methods
Patients and follow-up. Twenty-seven fresh-frozen tumor tissues obtained from HCC patients after surgical resection were used to detect the mRNA and protein expression of galectin-4. In addition, a total of 201 formalin-fixed and paraffin-embedded HCC tissues from consecutive patients who underwent curative resection between 2005 and 2011 at the Liver Center of the First Affiliated Hospital of Fujian Medical University (Fuzhou, China) were retrieved for immunohistochemical staining. Combined with clinical diagnosis, we divided the patients into three groups according to the time of recurrence ⁄ metastasis after operation: patients who had recurrence ⁄ metastasis within 12 months after operation (R ⁄ M ≤12 months group); the patients whose recurrence ⁄ metastasis occurred between 12 and 24 months after operation (R ⁄ M 12-24 months group); the patients who had no recurrence ⁄ metastasis within 2 years of operation (NR ⁄ M group). The serum samples, including 20 healthy people, 29 patients with HBV infection, and 48 patients with HCC (the HCC serum samples were obtained by collecting venous blood from patients at the time of the primary diagnosis before operation), were used in this study for measuring the serological level of galectin-4 by ELISA. The project was approved for the using of human samples by the Institutional Review Board of the First Affiliated Hospital of Fujian Medical University. Written consent was received from all participants before surgery in this study. Clinical and pathologic diagnoses of HCC patients were made using the diagnostic criteria of the American Association for the Study of Liver Diseases.
Follow-up data were summarized at the end of December 2012, with a median follow-up of 25.9 months (range, 3-60 months). Time to recurrence ⁄ metastasis and OS were considered the primary endpoints. Time to recurrence ⁄ metastasis was calculated from the date of resection to the date when tumor recurrence was diagnosed; overall survival was calculated from the date of resection to the date of death or last follow-up.
Cell culture. Human HCC cell line HCCLM3 was a kind gift from the Second Military Medical University of China (Shanghai, China). HCCLM3 cells were maintained as a monolayer culture in DMEM supplemented with 10% FBS, 100 U ⁄ mL penicillin, and 100 lg ⁄ mL streptomycin at 37°C in a 5% CO 2 incubator. The confluent cells were further used for other in vitro experiments.
Quantitative real-time RT-PCR. Total RNA was isolated from 27 fresh-frozen HCC tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was carried out using a Goscript Reverse Transcription System Kit (A5001; Promega, Madison, WI, USA) according to the manufacturer's instructions. The primers for galectin-4 and the internal control gene (b-actin) were designed using the Primer-Blast Database (galectin-4 forward primer, CCCTTCTATGAGTACGGGCAC; galectin-4 reverse primer, TGGCCTCCGATGAAGTTGATT; b-actin forward primer, ATAGCACAGCCTGGATAGCAACGTAC; b-actin reverse primer, CACCTTCTACAATGAGCTGCGTG TG).
For q-PCR analysis, aliquots of double-stranded cDNA were amplified using a GoTaq q-PCR Master Mix (A6002; Promega). The cycling parameters were 45 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 30 s. The relative gene expression was normalized to the geometric mean of the housekeeping gene b-actin, and calculated according to the Livak method (2 ÀDDCt ). The experiments were independently repeated three times.
Western blot analysis. After grinding, the fresh-frozen HCC tissue or HCCLM3 cells were lysed in ice-cold RIPA buffer (0.5 M Tris-HCl, pH 7.4,1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM EDTA) containing protease inhibitor cocktail (Roche, Indianapolis, IN, USA). Tissue lysates were centrifuged at 17000 g for 30 min at 4°C. The extracts were quantified by BCA assay. Proteins of each sample (40 lg) were separated by 12% SDS-PAGE and transferred onto nitrocellulose membranes. Afterwards, the membranes were blocked for 2 h in the TBST buffer with 5% BSA and probed with the galectin-4 primary antibody (1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and b-actin antibody (1:5000 dilution; Transgen, Beijing, China) overnight at 4°C. The membranes were washed three times with TBST buffer for 10 min each, then incubated with appropriate HRPconjugated secondary antibody (1:8000 dilution; Santa Cruz Biotechnology) for 1 h at room temperature. Following washing again in the TBST buffer, the protein expression levels were detected by enhanced chemiluminescence and visualized by autoradiography.
Construction of TMAs and immunohistochemistry. Hepatocellular carcinoma samples from patients (n = 201) were used for the construction of TMAs. Using a manual tissue arrayer, tissue cores from circled areas were targeted, and then transferred to the corresponding location of the recipient block to form a TMA block. Two replicated tissue points were sampled from each HCC patient. After the successful transfer, the TMA wax was blocked with a glass slide for 1 h at 60°C, to make the TMA block surface smooth and flat, and make sure the TMA was bound tightly to the recipient wax block. Then the wax block was cooled at room temperature for 30 min and stored at 4°C for further use. The cooled wax block was fixed on the auto tissue slicer, and continuously sliced into 50 sections at 4 lm. Afterwards, the sections were extended in distilled water for 2 min, then directly mounted onto the SuperFrost Plus-treated import slide (Thermo, Pittsburgh, PA, USA), and dried on the section drier for 16 h at 60°C.
Immunohistochemical staining of galectin-4 was carried out using the two-step EnVision Plus staining technique. A representative 4-lm section TMA was deparaffinized in xylene and rehydrated in graded ethanol. The slides were incubated in 1% hydrogen peroxide for 30 min to block endogenous peroxidase activity and then rehydrated in distilled water followed by PBS. Slides were incubated in 0.1 mol ⁄ L EDTA (pH 9.0) for 3 min for high-pressure antigen retrieval. Afterwards, the liver section was incubated with the primary antibody (goat polyclonal antihuman galectin-4 antibody, 1:50 dilution; Santa Cruz Biotechnology) at 4°C overnight. After several rinses with PBS, followed by incubating with HRP-conjugated secondary antibodies (PV9003; ZSGB-BIO, Beijing, China) at room temperature for another 1 h. Finally, the liver sections were subjected to DAB coloration and hematoxylin restaining. The results were independently assessed by two pathologists double-blindly. The final score of each sample was scored as: 0, negative; 1+, weak; 2+, moderate; or 3+, strong, for the intensity and extent of staining. Each case was considered to be negative if the final score was 0 to 1, or positive if the final score was 2 to 3. negative control. Afterwards, 2 lg plasmids were mixed with 6 lL Lipofectamine 2000, and then transfected into HCCLM3 cells according to the manufacturer's protocol. After 48 h of transfection, the transfected cells were cultured in the medium containing 600 lg ⁄ mL G418 for 2 weeks to select the stable overexpressing cell lines. The selected cell lines were further used for in vitro experiments as indicated.
RNA interference. To knockdown the endogenous expression of galectin-4 in HCCLM3 cells, RNAi experiments were carried out. A pool of three siRNA oligonucleotides for galectin-4 (sc-37102; Santa Cruz Biotechnology) and a negative control (sc-37007; Santa Cruz Biotechnology) were transfected into the HCCLM3 cells using Lipofectamine 2000 according to the manufacturer's instructions. After 6 h of transfection, the culture medium was replaced by fresh DMEM supplemented with 2% FBS, and the cells were further cultured in this starvation medium for 48 h. Serum-starved cells were used for the in vitro experiments as indicated.
Cell migration and invasion assay. The migration assays were carried out using Transwell units (No. 3422; Corning Costar, Tewksbury, MA, USA) and the invasion assays were assessed using the Transwell units coated with Matrigel (No. 354480; BD Biosciences, New York, NY, USA) according to the manufacturer's instructions. For the cell migration and invasion assay, cells (1 9 10 6 cells ⁄ mL, 100 lL for the migration assay; 2 9 10 5 cells ⁄ mL, 500 lL for the invasion assay) were cultured at the upper compartment of the chamber in serum-free DMEM supplemented with 0.5% BSA for 48 h, and the lower compartment of the chamber was filled with DMEM supplemented with 10% FBS. After 48 h of incubation, the filters were harvested, fixed with paraformaldehyde, and stained with crystal violet. Tumor cells on the upper surface of the filters were removed by wiping with cotton swabs. Cells that had passed through the filter to the lower surface were counted under a microscope in five different fields at 209 magnification.
Detection of circulating galectin-4 in HCC patients' serum. The serologic level of galectin-4 was measured by a microtiter plate reader using the commercially available Quantikine ELISA kit (SU7390; Yihanbio, Shanghai, China), according to the manufacturer's protocol. Each patient's serum sample was diluted in sample dilution buffer, or further diluted when the concentration of the target protein was too high. Fifty microliters of these diluted serum samples and standard proteins was added to the appropriate wells. Then 100 lL HRP-conjugate reagent was added to the standard wells and sample wells, and incubated for 60 min at 37°C. After washing the microtiter plate four times with PBS, chromogen solution A (50 lL ⁄ well) and chromogen solution B (50 lL ⁄ well) were added and incubated for 15 min at 37°C. Then 50 lL Stop Solution was added to each well, and the optical density at 450 nm was detected to calculate the circulating galectin-4 level.
Statistical analysis. All statistical analyses were carried out with the SPSS software package (version 19.0; SPSS, Chicago, IL, USA). Comparisons of quantitative data between two groups were carried out with a two-tailed unpaired Student's t-test. Categorical data were analyzed by Fisher's exact test between galectin-4 expression and clinicopathologic features. Recurrence ⁄ metastasis rates and survival rates were calculated by the Kaplan-Meier method and compared using the log-rank test. A Cox proportional hazards model was used to determine the independent factors of survival based on the variables selected in the univariate analysis. P < 0.05 was considered statistically significant.
Results
Galectin-4 is downregulated in early recurrent ⁄ metastatic HCC tumors. In a previous study, we applied the iTRAQ-based quantitative proteomic approach (iTRAQ-2DLC-MS ⁄ MS) to identify potential diagnostic biomarkers for the early recurrence ⁄ metastasis of HCC. (18) From that analysis, we identified an interesting protein, galectin-4, that was significantly downregulated in early recurrent ⁄ metastatic HCC tumors. To further evaluate the prognostic potential of galectin-4 in HCC patients, we assessed its expression in three HCC patient groups with different recurrence ⁄ metastasis times by q-PCR. As shown in Figure 1(a) , the q-PCR analysis revealed that galectin-4 expression was downregulated 7.83-fold in the early recurrence ⁄ metastasis group (R ⁄ M ≤12 months , n = 9, P = 0.002) and 2.51-fold in the late recurrence ⁄ metastasis group (R ⁄ M 12-24 months , n = 9, P = 0.042) compared with the NR ⁄ M group (n = 9). To further confirm galectin-4 expression at the protein level, additional Western blot analysis was carried out. As shown in Figure 1(b) , galectin-4 levels were significantly higher in the NR ⁄ M group compared to both the R ⁄ M ≤12 months group and the R ⁄ M 12-24 months group at the protein level. Overall, these results clearly indicated that galectin-4 expression was significantly decreased at both the mRNA and the protein level in recurrent ⁄ metastatic HCC tumors, especially in HCC tumors with early recurrence ⁄ metastasis.
To further investigate the role of galectin-4 in the clinical progression of HCC, we assessed its expression in 201 patients through the immunohistochemical analysis of TMA, including 116 cases of R ⁄ M ≤12 months , 48 cases of R ⁄ M 12-24 months , and 37 cases of NR ⁄ M. As shown in Table 1 , the positive expression of galectin-4 was detected in 26 NR ⁄ M HCC patients (of 37 patients, positive rate 70.2%); in contrast, the positive expression of galectin-4 was significantly lower in the R ⁄ M ≤12 months group (41 of 116, positive rate 35.0%; P < 0.001) and the R ⁄ M 12-24 months group (22 of 46, positive rate 45.8%; P = 0.029). Representative images of galectin-4 immunohistochemical staining in HCC tumors and peri-tumor tissues are shown in Figure 1(c) . We further examined the association between galectin-4 expression and the clinical features of the HCC tumor tissue. As summarized in Table 2 , lower expression of galectin-4 was well associated with larger tumor size (P = 0.036), poor tumor differentiation (P = 0.011), microvascular invasion (P = 0.004), and more advance TNM stage (P = 0.015), but not significantly associated with serum a-fetoprotein level, cirrhosis, or tumor encapsulation.
Galectin-4 could inhibit HCC cancer cell migration and invasion in vitro. As cancer cell migration and invasion are tightly associated with the recurrence, metastasis, and microvascular invasion of tumors, we further examined whether abnormal expression of galectin-4 could affect HCC cancer cell migration and invasion in vitro. The HCCLM3 cell line with moderate galectin-4 expression was used for the overexpression and knockdown experiments to avoid any effects of the genetic background. As shown in Figure 2(a,d) , galectin-4 was successfully overexpressed (54.3-fold) and knocked down (58%) in the HCCLM3 cell line. We carried out further in vitro migration and invasion experiments in the Transwell system, as described in "Materials and Methods". As shown in Figure 2 (b,c), HCCLM3 cells with galectin-4 overexpression migrate significantly slower, and have less ability to invade through the Matrigel; however, knockdown of galectin-4 expression in HCCLM3 cells could significantly promote cancer cell migration and invasion through the Matrigel (Fig. 2e,  f) . These findings are well consistent with the clinical data.
Lower galectin-4 expression associated with poor prognosis of HCC. To further evaluate the prognostic value of galectin-4 expression in HCC, Cox's proportional hazards model and Kaplan-Meier analysis was used to calculate the effect of galectin-4 expression on TTR and OS time. As shown in Table 3 , Cox's multivariate proportional hazards model showed that galectin-4 expression was an independent poor prognostic factor for TTR (P = 0.003) and OS time (P = 0.002) in HCC after curative resection. Kaplan-Meier analysis showed that patients with low galectin-4 expression had a higher recurrence ⁄ metastasis rate (log-rank, P < 0.001, Fig. 3a ) and shorter OS time (log-rank, P < 0.001, Fig. 3b ) than those with high galectin-4 expression. These data suggested that galectin-4 would be a very promising prognostic biomarker for HCC, but might need further largerscale, multicenter clinical study. Serum galectin-4 level in HCC patients. Galectin-4 is not only present intracellularly, but also secreted extracellularly and could enter into the circulation system. As described above, galectin-4 was significantly downregulated in recurrent ⁄ metastatic HCC tissues and was well associated with poor prognosis. An ideal prognostic biomarker would be a protein that is secreted into the blood, which could facilitate detection with minimal invasion. Therefore, we further evaluated the galectin-4 level in the serum of HCC patients. As shown in Figure 4 , the serologic level of galectin-4 was remarkably elevated in HBV-infected patients with (6134 AE 3222 pg ⁄ mL, P < 0.0001) or without (7320 AE 2172 pg ⁄ mL, P < 0.0001) HCC, but not significantly elevated in HCC patients without HBV infection (115 AE 63 pg ⁄ mL, P = 0.332), compared with healthy controls (79 AE 66 pg ⁄ mL). This result is very interesting and unexpected, but it clearly indicated that the serum galectin-4 level could be solely elevated by HBV infection due to the host immuno-defense. However, it is not clear whether the higher level of serum galectin-4 is coming from the higher secretion or the higher expression due to HBV infection. The underlying molecular mechanisms need to be further studied and clarified. As 80% of HCC patients are infected with HBV, we further evaluated the prognostic potential of serum galectin-4 as an HBV-associated HCC biomarker. Combined with a variety of clinicopathological features, we further analyzed the serologic level of galectin-4 in HBVassociated HCC patients. As shown in Table 4 , the higher level of serum galectin-4 was significantly positively associated with HBV DNA, bigger tumor size, microvascular invasion, poor tumor differentiation, and more advanced TNM stage.
All of these results indicate that the downregulation of galectin-4 at the tissue level and upregulation at the serum level may contribute to HCC progression, including recurrence and metastasis. The poor prognosis of patients with HCC after curative resection is mainly due to intrahepatic recurrence and ⁄ or extrahepatic metastasis. (19) Thus, it is crucial to screen the biomarkers and investigate the molecular mechanisms underlying the recurrence ⁄ metastasis of HCC. Accumulating evidence has indicated that galectins are frequently dysregulated in the pathogenesis of HCC and associated with HCC recurrence and metastasis (20) ; overexpression of galectin-1, -3, and -4, and downregulation of galectin-8 and -9 have already been reported in HCC cells. (17, (21) (22) (23) However, their exact functions and how galectins associate with HCC progression remain unclear. In this study, we provide evidence that the expression of galectin-4 was downregulated in recurrent ⁄ metastatic HCC patients, compared to non-recurrent ⁄ metastatic patients. Clinicopathological association analysis indicated that low expression of gelectin-4 in tissue sections was strongly associated with increased tumor size, microvascular invasion, malignant differentiation, and more advanced TNM stage. Additionally, HCC patients with lower galectin-4 expression levels were significantly associated with a poorer 5-year survival. Furthermore, Cox's multivariate proportional hazards model revealed that the galectin-4 expression level could serve as an independent prognostic marker to identify patients with poor clinical outcomes. Taken together, these data indicated that galectin-4 could be used as a potential prognosis marker for predicting the recurrence ⁄ metastasis of HCC patients.
It has been reported that galectin-4 functions as a tumor suppressor that was significantly downregulated in colon cancer, through targeting the Wnt signaling pathways. (24) Overexpression of galectin-4 could induce cell cycle arrest and retarded cell migration and motility; in contrast, silencing galectin-4 resulted in increased cell proliferation, migration, and motility. (13) In pancreatic cancer, galectin-4 acts at an adhesion molecule to stabilize cell-cell contact and inhibits metastasis formation through preventing the release of tumor cells. (16) In our study, overexpression of galectin-4 in a highly metastatic HCC cell line (HCCLM3) could significantly reduce cell migration and invasion; these metastatic properties could be significantly upregulated by knocking down galectin-4. Therefore, galectin-4 might function by enhancing cell-cell contact then inhibiting the detachment of tumor cells from the primary site, to further retard the metastasis of HCC. These results could explain our finding that galectin-4 is significantly downregulated in recurrent ⁄ metastatic HCC tumor tissues.
Furthermore, galectin-4 has been shown to be function through both intracellular and extracellular actions. We observed significantly elevated levels of serum galectin-4 in patients with HBV infection. Paclik et al. (12, 25) have shown that galectin-4 could bind to activated T cells to induce T cell apoptosis and decrease the secretion of pro-inflammatory cytokines under inflammatory conditions. Likewise, the elevated serum galectin-4 levels in HBV-infected patients, perhaps as a feedback response, contribute to the control of liver inflammation. We also found that the higher serologic level of galectin-4 was well associated with more aggressive characteristics of HCC. Several studies have reported that the increased circulation of galectins in the serum of cancer patients can promote the adhesion of invaded tumor cells to the blood vascular endothelium and spread to remote organs through binding cancer-associated Thomsen-Friedenreich disaccharides on trans-membrane mucin protein MUC1. (14, 26, 27) Furthermore, overexpression of MUC1 is a common feature in HCC. (28) So the increased interactions between circulating galectin-4 and MUC1 may enhance the ability of cell heterotypic adhesion and homotypic aggregation, (26) like galectin-3, and contribute to the recurrence ⁄ metastasis of HCC. These results suggested that higher serum galectin-4 might be associated with increased recurrence ⁄ metastasis risk in HCC patients. Consistent with these findings, our results suggested that intra-and extracellular galectin-4 may play opposite roles in the progression of HCC. Intracellular galectin-4 prevented the recurrence ⁄ metastasis of HCC, whereas extracellular galectin-4 promoted the aggressive characteristics of HCC.
In conclusion, this study clearly shows that galectin-4 is significantly downregulated in recurrent ⁄ metastatic HCC tumor tissues, and the higher serum galectin-4 level of HCC patients is associated with more aggressive characteristics of HCC. Thus, galectin-4 might represent a novel potential prognosis biomarker for HCC.
